AMENDMENT UNDER 37 C.F.R. § 1 . 1 1 1 Attorney Docket No. : Q80857 

Application No. : 1 0/592,007 

REMARKS 

Claims 1 to 9 are all the claims pending in the application, prior to the present 
Amendment. 

Applicant has amended claims 8 and 9 to place them in independent form. Claim 9 
contains recitations from claims 1 and 2. Claim 8 contains recitations from claims 1, 2 and 4. 
Applicant has also added a new independent claim 10 that contains recitations from claims 1, 2 
and 5. In addition, applicant has added new claims 1 1 and 12 that depend from claim 8 and 
contain recitations from claims 6 and 7. Claims 1-7 have been canceled. 

Applicant has amended the present specification to place it in better form and to correct a 
number of obvious errors. 

Claim 6 has been objected to because the formula contains a "y" subscript, but the 
specification only describes an "x" subscript. 

Applicant has canceled claim 6. Accordingly, this rejection is moot. 

In general, applicant points out that the present specification contains a reference and 
description of "y" at numerous locations, such as at pages 7, 9, 11, 12, 13 and 14. For example, 
the present specification at page 13, lines 33-34 discloses that, in general, x = y, but "x" may be 
different from "y." New claim 1 1 contains a "y" recitation. 

Claim 2 has been rejected under the second paragraph at 35 U.S.C. §1 12 as indefinite. 

The Examiner states that the term "parts" is a relative term which renders the claim 
indefinite. 
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Applicant has canceled claim 2. Accordingly, this rejection is moot with respect to 
claim 2. 

Applicant notes that the term "parts" is employed in amended claims 8 and 9, and new 
claim 10. These claims state that the palladium element is present in an amount of from 0.001 to 
15 parts by mass based on 100 parts by mass of W a Z r O x , as set forth in the present specification 
at page 6, lines 33-35 and page 8, lines 13-16. 

Claims 1, 2, 6 and 7 have been rejected under 35 U.S.C. § 102(b) as anticipated by or, in 
the alternative, under 35 U.S.C. § 103(a) as obvious over EP 1 063 010 to Ohtsuka et al. 

Applicant has canceled claims 1,2,6 and 7. 

Accordingly, applicant submits that this rejection is moot. 

Claims 1, 2, 6 and 7 have been rejected under 35 U.S.C. § 102(b) as anticipated by or, in 
the alternative, under 35 U.S.C. § 103(a) as obvious over U.S. Patent 5,902,767 to Kresge et al. 

Applicant has canceled claims 1, 2, 6 and 7. 

Accordingly, applicant submits that this rejection is moot. 

Claims 1, 2-5, 8 and 9 have been rejected under 35 U.S.C. § 102(b) as anticipated by or, 
in the alternative, under 35 U.S.C. §103(a) as obvious over EP 0 620 205 to Suzuki et al. 

Applicant has canceled claims 1 and 2-5, thus leaving amended claims 8 and 9, and new 
claims 10, 1 1 and 12 as being subject to this rejection. 

Applicant submits that EP '205 does not disclose or render obvious the subject matter of 
claims 8-12 and, accordingly, requests withdrawal of this rejection. 
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Claims 8-10 as set forth above are independent claims that are directed to a process for 
producing an oxygen-containing compound by reacting an olefin and oxygen in a gas phase in 
the presence of a catalyst represented by the formula Pd/W a ZrO x . In this formula, Pd is a 
palladium-containing compound, a is a W/Zr molar ratio of from 0.01 to 5.0, and x is a value 
defined by the oxidized state of tungsten (W), zirconium (Zr) and palladium (Pd), and wherein 
the content of palladium element in the catalyst is from 0.001 to 15 parts by mass based on 100 
parts by mass of W a ZrO x . 

Claim 9 is directed to producing acetic acid by reacting ethylene and oxygen in the 
presence of the catalyst. Claim 8 is directed to reacting propylene and oxygen and claim 10 is 
directed to reacting a butene and oxygen, to produce at least one compound selected from a 
number of different oxygen-containing compounds. 

EP '205 discloses a catalyst for producing acetic acid by reacting ethylene and oxygen. 
The catalyst comprises metallic palladium and one or more hetero poly-acids that may contain 
one hetero-atom and one or more poly-atoms. EP '205 does not disclose any example of a 
catalyst containing the components Pd/Zr and W. Moreover, EP '205 does not disclose or 
suggest a process that employs the catalyst set forth in claims 8-10. 

It is known that there are two types of heteropolyacids: Keggin-type and Dawson-type. 
See Fig. 1 on page 2 of the enclosed paper: Makoto Misono, "Unique acid catalysis of heteropoly 
compounds (heteropolyoxometalates) in the solid state," Chem. Commun., 2001, 1 141-1 152. 
When a heteropolyacid contains Zr and W, the composition of the heteropolyacid is ZrWi 2 0 4 o 4 " 
or Zr 2 Wig062 8 ". In other words, the W/Zr molar ratio of heteropolyacids is 12 or 9, which falls 
outside of the scope of the catalyst set forth in claims 8-10, wherein the W/Zr molar ratio is from 
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0.01 to 5. Thus, EP '205 does not disclose or suggest a process that employs the catalyst set 
forth in the present claims. 

In addition, EP '205 to Suzuki et al is the EP counterpart of Patent Document 6 
(JP 7-89896 A) described in Background Art of the Description of the present application. In 
Comparative Example 3 of the present application, as disclosed at page 19 of the present 
specification, Catalyst 1 1 was produced according to JP 7-89896. In Comparative Example 6 of 
the present application, an ethylene oxidation reaction was performed by using Catalyst 1 1 . As 
shown in Table 3 on page 21 of the present application, the acetic acid selectivity and the space 
time yield (STY) achieved by employing the catalyst set forth in the present claims are greater 
than that obtained by using the Catalyst 1 1 produced according to JP 7-89896, which 
corresponds to EP '205 to Suzuki et al. Thus, EP '205 does not obtain the results achieved by 
the present invention. 

Further, EP '205 does not disclose or suggest a process employing propylene as set forth 
in claim 8 or a butene as set forth in claim 10. 

In view of the above, applicant submits that EP '205 to Suzuki et al do not disclose or 
suggest the process set forth in the present claims or the results obtained by the present invention 
and, accordingly, requests withdrawal of this rejection. 

In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 
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The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 19-4880. Please also credit any 
overpayments to said Deposit Account. 

Respectfully submitted, 



SUGHRUE MION, PLLC Sheldon I. Landsman 

Telephone: (202) 293-7060 Registration No. 25,430 

Facsimile: (202) 293-7860 

WASHINGTON OFFICE 

23373 

CUSTOMER NUMBER 

Date: December 2, 2008 
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Fundamental and superior characteristics of heteropoly com- 
pounds (hetcrgpolyoxometalates} in the solid state that make 

_>.b T fsrst design at the atom molecular va 
are described, together with important principles required for 
the understanding and design of solid heteropoly catalysts. 
First, the molecular nature of heteropoly anions (metal oxide 
clusters), which can be preserved m the solid state, enables 
Control of the add and redox properties over a wide range. 
Second, the presence of hierarchical structures (primary, 
secondary and tertiary structures) can lead to three catalysis 
modes— surface-type, pseudoliquid (or bulk-type I) and bulk- 
type H. Precise control of pore size Is possible through the 
understanding of the microstrueture. which results in unique 
shape selectivity observed for various reactions. Heteropoly 
compounds arc green catalysts functioning in a variety of 
reaction fields and efficient afunctional catalysts when com- 
bined with other components. The elucidation of catalytic 
processes is also possible at the atomic/molecular level due to 
their molecular nature. The positions and dynamic nature of 
protons as well as organic reaction intermediates in the pseudo- 
liquid phase can be clarified by spectroscopic techniques. 
Various reactions promoted by solid heteropoly catalysts are 
collected from recent publications to illustrate the usefulness of 
the above ideas and of heteropoly catalysts themselves. 

1 Catalyst design at the atcraic/rnolccular level 
1.1 Importance and feasibility 

Efficient catalysts arc key materials in chemical technologies 
which supply useful substances (o society and assist maintain- 
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ing the environrnem as healthy as possible: in short, catalysts 
represent a key technology for a sustainable society. Although 
recent progress has been remarkable for homogeneous and 
biochemical catalysis, in particular the latter, heterogeneous 
(solid) catalysts are still of substantia! importance in catalytic 
technology, and have several advantages. Therefore develop- 
ment of these is centred to solving global and local problems. 

It is much mow difficult tp design heterogeneous ciitalysis 
than to interpret reactions over model solid catalysts, Hence, the 
development of practical (or commercial) catalysts stili mostly 
relies on trini-and-crrror approaches, assisted by phenomcno- 
logicai knowledge on existing commercial catalysts and 
sophisticated knowledge on simple model catalysts. The design 
Of practical catalysts at the atomic or molecular level has long 
been pursued. 1 -' since precisely designed multftWtionai 
catalysts arc obviously desirable. However, catalyst design at 
this level is stili a distant goal in many instances, 

1.2 Our approach 

We have endeavored in the last two decades to establish the 
methodology of catalyst design by studying crystalline mixed 
oxides. In addition to their crystallinity, our criteria to choose 
catalyst materials are; (i) wide variation of composition whilsi 
retaining the basic crystal structure and (ii) catalytic perform- 
ance near the level required for practical application. Such 
materials include heteropoly compounds, perovskite-type 
mixed oxides and zeolites whose structures can be well defined 
at least for the solid bulk phases. Differences between the 
surface and solid bulk phase appearto be much smaller for these 
metal oxides than for metallic catalysts. This is particularly true 
for heteropoly compounds if the preparation and character- 
ization of catalysts arc carefully carried our. Hero, the term 
•heteropoly compounds' {abbreviated as HP As) will be used for 
heieropolyoxometalaies which include hctoropolyacids and 
their derivatives. Hctcropoiyacids are hydrogen forms of 
hcteropolyanions produced by the condensation of more than 
two kinds of oxoanions. Typical hetcropolyanjons are shown in 
Fig. I. Using heteropoly compounds wo attempted to establish 
the following relationships at the atomic/molecular levels as 
shown in Scheme I. 

Scheme 1 

This article reports important progress to establish the basis 
for catalysts design since the publication of special issue of 
Chemical Reviews on polyoxornetalates in 1 998.-* It will attempt 
to show that heteropoly compounds have various attractive and 
impoitum characteristics in terms of catalysis and are promising 
materials for catalyst design at the atomic/molecular level. 
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Fig. 1 Examples or hcteropolyanions; (a) Keggin-type polyiwic-n e.g. n> 
PWjjOti,'- . (b) DiWsun-type palyanion e.g. PjW, a <V • ; (cOdisytwatwed 
Dotyar.ion e.g. Y-Si"W|<;Fe304 ( i< lt -'. 

Camiysis based on heterppoly compounds are hereafter denoted 
helcropoiy (or HPA) catalysts, Earlier books and review articles 
may be referred to regarding the bask chemistry 4 and general 
catalysis* ofHPAs. HPA catalysts have already been applied to 
several large-scale commercial processes* 



2 Basic concepts unique for solid HPA catalysts 

In my view, the following concepts arc essential to understand 
and design HPA catalysts, in addition to the knowledge 
generally required to understand heterogeneous Catalysis of the 
ordinary mixed oxides. 



Secondary structure 
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2,1 Primary, secondary and tertiary structures 

A! an early stage of our study it was recognized thai the 
hierarchical structure of solid HPAs was important for the 
understanding of the heterogeneous HPA catalysis, and wc 
denoted the substructures as primary, secondary and tertiary, 7 
This may appears very simple idea, but enormously helped the 
progress of'our research. Fig, 2 shows a simplified illustration of 
such hierarchical structures. The primary structure is the 
structure of heteropolyanion itself i.e. the metal oxide cluster 
molecule and details the molecular nature of solid HPA catalyst. 
Fig. 2 shows the most ubiquitous form which has the Keg'gin 
structure, The secondary structure is the three-dimensional 
(usually regular) arrangement consisting of poiyanions. counter 
cations and additional molecules. The secondary structure is 
flexible to di ffercnt extents depending on the counter cation and 
the structure of the polyanion, and is the basis of bulk-type 
catalysis of solid HPA catalysis (see below). The tertiary 
structure represents the manner in which the secondary structure 
assembles into solid particles and relates to properties such as 
particle size, surface area, and pore structure, 15 and plays an 
important role in heterogeneous catalysis. Without under- 
standing this hierarchical structure, one can neither understand 
solid HPA catalysts properly nor take advantage of their 
molecular nature, and the idea of bulk-type catalysis described 
below would not have evolved. 



2,2 Three types of catalysis 

Wc have demonstrated that there are three totally different 
modes of catalysis for solid HPAs (Fig. 3). Surface-type 
catalysis (a) is ordinary heterogeneous catalysis which takes 
place on the solid surface (two-dimensional reaction field on 
outer surface and pore wall). Modes (b) and (c) represent bulk- 
type catalysis where the reaction fields arc three-dimensional in 
contrast to Lhe surface-type catalysis. When the diffusion of 
rcaaant molecules in the solid (diffusion in the lattice rather 
than pores) is faster than the reaction, the solid bulk forms a 
pseudo-liquid phase in which catalytic reaction can proceed 
[Fig. 3(b)], In this instance, reactani molecules in the gas or 
liquid phase penetrate in between the poiyanions (primary 
structure), sometimes expanding the distance between the 
poiyanions, and react inside the bujk solid. The products come 
out to the surface and are released to the gas or liquid phase. 
PsseudoJiquid catalysis, proposed in 1979, was not favourably 
accepted initially, since it appeared very unusual for heteroge- 
neous mixed oxide catalyses. Now, however, such catalysis is 
more firmly established. 50 ^ In the pseudoliquid phase such 
catalysts appear as solids but behave like liquids (solvent). As 
the active sites in the solid bulk e.g. protons, take pan in 
catalysis, very high catalytic activities are often observed in the 
bulk phase. Phase transitions accompanied by an abrupt change 
in catalytic performance arc also observed.*" 




Fig. 3 TJiree types of catalysis for solid hetsmpoly 
1 1 42 Chum. Cornmun., 2001, 1 141— 1 152 
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(a) surface type; (bl psoudoliquici: bulk type (I), (e) balk type (II), 



The second bulk-type catalysis [bulk-type (II), Fig. 5(c)] is 
found for oxidation catalysis at high temperature when the 
division of redox carriers (protons arid electrons in this case) is 
rapid in the solid bulk, and the whole bulk participates in the 
reduction-oxidation cycle.' Ir should be noted that, as the 
contribution towards catalysis of the solid bulk varies with the 
relative rate of diffusion to that of reaction, intermediate cases 
between surface and bulk catalysts arise. Solid HP As containing 
cations of low ionic radii to charge ratio (H*, Na\ Cu 2 '', etc) 
readily absorb small polar molecules and tend to exhibit 
pscudoliquid behaviour and are soluble in water. Cs and NHj 
salts (scarcely soluble in water, due to low solvation energy) 
usually show only surface-type catalysis. 

The importance of this idea may be clearly understood by the 
following examples. Fig, 4(a) plots the relative activity and 
number of strong acid sites vs. the extent of neutralization (or 
the Na content) for acidic Na salts of H 3 PWi.O«.»* Hereafter. 
H 3 P\V|j04(, r one of the most widely used HPA catalysts is 
abbreviated as HPW unless stated otherwise. The reactions ere 

r fc " ~ v c i d ii 

protons in the entire bulk. It is evident in Fig. 4(a) that the rates 
of bulk-type reactions and the bulk- acidity decrease mon.o- 
roriicajly with the Na content, thus showing good parallelism 
between catalytic activity ami acidity. This also demonstrate* 
that the acid catalysts can be designed by control of their acidity 
in this manner. In contrast, no monotonical change is found for 
several reactions catalyzed by acidic Cs salts, Cs^Hj iPW.j- 
Oflo (denoted CsX), its shown in fig. 4(b). 5 *-''" These reactions 
arc of surface type, as revealed by plots of the rates wv. the 
surface acidity (number of protons on the surface). The surface 
area sharp ly rises from I • -2 m= g ■• ' for Csl and Cs2 to ca. ( 50 
m 2 %~ 1 for Cs3. The mechanism of the increase in surface area 
is interpreted in a later section of the article. As is obvious in 
Fig. 4(c), a good correlation is obtained. 12 Another important 
point to be noted is that the specific activity of CsX [catalytic 
activity per surface proton, the slope in Fig. 4(c)] is much higher 
than known solid acids such as zeolites and silica-alumina. This 
fact demonstrates the high performance of HPA catalysts. 

Bulk-type catalysis (II) is also an essential concept requited 
to understand and design HPA catalysts. 13 This has been found 
to be relevant for oxidation reactions at high temperatures. If the 
rates of bulk-type oxidation (e.g. oxidative dehydrogeflatjon) 
are plotted against the surface redox property, very poor 
correlations are found, but the rates exhibit good correlations 
with bulk redo* property. In contrast, the rate of svtfoav-type 
oxidation correlates very well with the' surface redox properly. 
This is very similar to the acid catalysis shown in Fig. 4. 
Without knowing this fact, the development of practical 
oxidation catalysts would be very difficult. 



2.3 Merits oi' HPA catalysts 

The advantages of hetreopoJy compounds for heterogeneous 
catalysts are summarized in Table 1 , 5 There are several large- 
scale industrial processes utilizing HPA catalysts as oxidation 
and acid catalysts both in the soiid state and in solution.- 1 *"' 6 
Most are environmentally friendly, so that HPA catalysts are 
regarded as promising green (or sustainable) catalysts. 1 *" 
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Systematic variation of neid and redox properties «rc possible for 
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Moiccuisr iwtvrv of solid hctcrvpoiy compounds originating from 
h«cropolynrtion molecule* ctu*S« precise design t>r catalyst* and 
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3 Novel aspects of pseudoliquid catalysis 
•3.1 Variety of reaction fields 

Pscudoliquid behavior [bulk-type (I) catalysis] has also been 
found for liquid-solid hetero i ) v i<= r s For example, the 
relative catalytic activities of HPW and Cs2.5 dramatically 
change with the polarity of reacting molecules; 5 * HPW>C's2.5 
for pinaco! rearrangement {pseudoliquid catalysis) and 
HPW < < C$2.S for alkylotion of nromatics (surface-type cataly- 
sis). H?W shows high activities for the reactions in the solid 
bulk rpseudoiiquid), since protons inside the solid can be 
utilized, while Cs2.5 having a large quantify of protons on the 
surface (see below) is active for surface-type reactions, Bulk 
type (H) catalysis has not yet been observed probably because 
the reaction temperatures are low. The various reaction fields 
containing a liquid phase pre illustrated in fig. 5. 

The catalysis of solid HP As in the liquid phase has been well 
documented. 1(1 For example, three reactions differing in polarity 
of rcaetar.ts were compared usitig several alfcilj- and alkaline- 
earth salts of HPW, It was shown that the decomposition of 
eyclohexyl acetate is catalyzed on the solid surface (surface- 
typi). and that pinacol rearrangement proceeds in the pseudo- 
liquid phase. On the other hand, esterificarion of benzoic acid 
and butan-l-o! is mainly catalyzed by HPA dissolved in 
solution, although most of HPA remains in the solid state. The 
order of catalytic activity, therefore, is very different between 
the reactions. This again demonstrates the importance of 
distinguishing surface- and bulx-iype catalysis for the catalyst 




fig. * iiBporwouc rdil r ai og surface- and bulk-typo analysis p 1 ] i j k 1 dilv of Na salts orHjPW|,0 4 (, 

(l-iinV): (A) conversion r-f mcshaoot. (•) dehydrmien of propart-2-el. and ;L!.;> in/la 5«disv measured fev jtumglv held pvridinc. ffe) Rates of alkvlaiion «f 
U^-Wmeftylbenzcnc oy cyciohcxenc catalyzed by Cs salts of HPW (stmVe-typc eataivsi,). k> Rate* ofslkvlsiien over Cssate [daw from Fi«."4(b»are 
plowed »w. the surface acidity, togoltwr with the some plots for Kflwai otlwr Solid uoids. 
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(cf) Hcmggorteous sotoion (a) Biphase 

(Squid! (lifluW-lK 

flit- 5 Various rcaetion fields of HPA catalysis in xractiM system* sonUiininf < liquid phase. 



design of HPAs. Fig. J(a) and (d) correspond to the ordinary 

heterogeneous catalysis (liquid solid) a,od homogeneous (solu- 
tion) catalysis, respectively. Phase-transfer catalysis for liquid- 
liquid biphase systems [Fig. 5(e)] is well known and there are at 
least two large-scale commercial processes using HPA caia- 
lysts.M 4 Catalysis by solid HPAs for solid state reactions 17 and 
in a new phase formed on the surface layer'' 1 [Fig. 5(c)] arc new. 
In the latter, protons introduced on the surface layer of Cs3 
create a new active phase similar to a 'pseudoiiquid' (Fig. 6). 

Among other recent interesting observations is the unique 
relationship between the shape of the primary structure, the 
resulting secondary structures, ivid the remarkable influence on 
the catalytic activity. 1 * The thermodynamieally favored synthe- 
sis of methyl reK-butyl ether (MTBE) from isobutylene and 
methanol proceeds at low temperature (323 K.) on Dawson-typc 
hetropolyacids (HfJ'iWijiC.j and HrPjMoujO^) rapidly and 
selectively. In contrast, the reaction is very slow over Kcggin- 
type heteropolyacids. in spite of the higher acid strength and 
comparable acjd content. We found that Dawson-type hctero- 
poJyacids are amorphous under the reaction conditions due to 
the ellipsidsl shape of the polyanion, whereas Keggin-type 
polyauions haying spherical shape are crystalline (bee struc- 
ture). Owing to this difference the former forms active 
pse-udoliquids, while the latter are much less active (Tabic 2). 
As for MTBE synthesis catalyzed by KUSiWuOw, Bielanski's 
group has made an extensive study and proposed a hypothesis 
that the reaction takes place on the surface to which methanol 
and protons are supplied from the pseudoiiquid phase.'" 

3.2 Protons, water and organic molecules in 
pSeudoliquids 

To understand and design pseudoiiquid catalysts at the 
molecular level, information about the acidic proionfij such as 
their location, mobility and donating ability (acid strength), is 
indispensable. Information about the interactions between 
acidic protons and small basic molecules such as water and 
alcohols provides useful knowledge about pseudoiiquid cataly- 
sis, since water is often contained in the working state and plays 
an important role. Furthermore, the states and dynamics of 
protons in the solid are interesting subjects . of solid-state 
chemistry. In our early studies we observed protons in HPW 
using MAS NMR, then directly detected (by a combination of 
NMK and IR) the reaction intermediates of ethanol dehydration 
in the pseudoiiquid phase, and disclosed the dynamic behavior 
or rvte'rwnol. 

While IR is usually a powerful tool to study solid catalysts the 
!R spectra of OH bands of heteropolyacids are ambiguous. For 
highly hydraied HPW, the OH stretching and bending modes of 
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Fig. 6 Catalysis in at novel phase formed on the somite layer ofa solid HPA 
or a 'Squid -sol n jj c r b slnnjcthylcil prOpiuie 

monoiUrmal in vmser *r 348 K. The teeelicn i sic rises sharply when v!:c 
iCCOnd component is added niter a certain reaction time (indicated by 
srrtnvs). The rates ttftor &e addition arc ma* higher than [lie sum of flic 
rates of oaeh component, indicattr.g the formation of an active layer on (lie- 
Efface t>fCs3. 



Table 2 Unique relationship* between shape or pojyaninn (primary 
structure), «ecocd«y structure ;md eslnlytfc activity 



Catalytic aetivity for 
Prixary structure" Secondary structure MTBE synthesis tit 

(shape) ai die working Mate 3?3 K 



Oi»\vjnn (ellipse) Amorphous Very high 

H*P,\Vj»Ou 
ll,-.P;Mi,„0„; 

Kcggin (sphericalt Crysinlltne (bee) Verv iow 



- See Fig. 1. 



water and protonatcd water arc detectable, but for more 
dehydrated states they do not show any clear [R bands in 
contrast to silica or zeolite catalysts. 

Recently, reliable IR spectra of HPW-«H 2 0 with different 
degrees of hydration have been reported independently by us sw ' 
and Zeeehina"* group,- 11 Fig, 7 shows our results where the 
water contents arc quantified (reliable at least for« = 0 and 6). 
Very broad bands ranging, from 3SO0 to 1200 cm -1 are evident. 
For n = 6 (hexahydrate) for which the structure has been 
established/ an extremely broad band is observed which we 
assigned to HjOj- (H^O—H'-OH;) present in the hwahy- 
dratc. A broad band having a peak at about 3200 cm - ' was 
observed for dehydrated sample {it *■ 0-0-5), which was 
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Fig. 7 )R .spectra of H,PWi jCWwHjsO with a variety of hyci.-aiioo state* (0 



assigned to isolated acidic protons bonded to peripheral 
oxygens of die polyanion. These bands seem to exist in the IR 
spectra reported in earlier studies, but their presence and 
significance have not been well recognized. 

Zecchina r s group reported higiwjuality IR spectra and 
provided valuable discussion of the IR bands. 21 The extremely 
broad band observed for the hexahydrafe is reasonably 
interpreted by die nearly flat potential of a proton in a hydrogen 
bond. However, they possibly underestimated the water content 
of some samples (see below) and therefore their assignment of 
the IR bands is probably partially incorrect. The evacuation of 
hydrated HPW at 300-340 K leads to the hexahydwe- which is 
fairly stable.' 1 '" Usually a higher temperature (as high as ea. 
350 K) is necessary for farther dehydration. Therefore, the 
sample of Zcccbina's group which was obtained upon evacua- 
tion at room temperature for 3 min has probably « > (i, whereas 
the sample obtained by evacuation for 1 50 min is most likely the 
hexahydrnte. 

The states and dynamics of protons and water in HPW have 
been clarified by an extensive study using solid-state ! H, "F 
and 17 0 MAS NMR. 22 For example, the P NMR spectra of 
HPW-nHjO (n « 0-6) which was prepared from the hcxahy- 
dratc by evacuation ar 373-423 K are shown in Fig. 8. H NMR 
spectra measured at 298 and 1 73 K showed a very broad peak 
for n = 6 due to the dipole-dipolc interaction in HjOj*, and a 
sharp peak for the other samples. The following important 
conclusions can be deduced from the NMR data, 

(a) Acidic protons are present in three forms; (i) proton 
attached to polyanions, (ii) HjO" (hyrJroniwn ion monomer) or 
HjO strongly interacting with acidic protons, and (iij) H s 02'' 
(hydromum ion dimer). H 3 0 + and H 5 Q^ weakly interact with 
polyanions by hydrogen bonding. Acidic protons in the 
anhydrous sample attach to the polyanion leading to s 
significant chemical shift in the 3I P NMR spectrum. The 
probable bonding states arc schematically illustrated in Fig. 9. 

On the basis of [R studies, Zecchina's group concluded that 
for intermediate hydration slates (0 < n < 3), the acidic proton 
docs not form H ? 0" but rather 0~H-"OH 2 .ii However, the 
close resemblance in the chemical shifts of the P NMR spectra 
{e.g.n m 2, | measured at 1 73 ft. Fig. 8) and of CsX^ s suggests 
the formation of H. t O'; acidic protons interact very weakly with 
polyanions. The remainder of the acidic protons remain directly 
bonded to she polyanions. It should also be noted that the acid 
strength of HPW is greater than char of zeolites (see below, 
Table 3). 

<b> The broad peak observed at 298 K (n = 0 ,5-4) splits into 
several peaks at ! 73 K (Fig, S, n = 0.5, 2, 1 and 4,0). This means 
that the rate of proton migration (exchange) is slow at 1 73 K and 
at 298 K. is of the order of 200 Hz which is much faster than the 
rate of ordinary catalytic reactions. This study also indicated 
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Ffg. 8 "P NMR spectra of H-.PW, : 0..i>»HiO with a variety af hydration 
states (Q<« % fi) measured st 29H snd i 73 K. 




Fig. 9 Models proposed for the sua* of acsKe prawns tmd water in solid 
HiPW 12 0. l „-»H J 0 S)t two possible position* are shown Tor 
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that water in the lattice enhances the mobility of protons. The 
high mobility of protons may facilitate protonation in acid 

fc) The relative intensities of the split peaks follow a 
binominal distribution, indicating a uniform (random) distribu- 
tion of protons and water in the soiici, 

(d) In the anhydrous state in «■ 0), there is one type of acidic 
proton species attached to the polyanion at least on the NMR 
time scale. This is consistent with our IR data. We observed an 
apparently single broad band for the dehydrated sample (« - 
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Water content n Water content n 

Fig. 10 AiTHWiiB_0f KsO- (nwnowwr) and HiO»' {dis-w) per poly^um in H 5 PW,^), n v.H 2 0 fO -c /• < 6). (p < Samples prepared <-y evwnsdwi of the 
b™!:y C .in>iv at »/3-«2J K. D«sh«i lines were calculated by wsurainj that »wr molecuics arc nwxtotnly removed ftocn the hevnydwe. fr» Sample* 
prepsred by rehy*!>uon of anhydrous H,PW, ; 0jr, « room icmpcraiujc. 



(e) The concentrations of (he three proton species in 
H?W-»H;0 Or = 0-<j) change with the extent of dehydration as 
shown in Fig. 10(a). The trends are in agreement with those 
calculated by assuming random removal of water. 

In contrast, HPW«H 2 0 prepared by the addition of water to 
an anhydrous sample nr room temperature is quite different [ Fig. 
10(b)]. The main reason for the difference may be the lower 
temperature of preparation for which flic diffusion of water is 
slow. Rehydration leads mainly to HjO/ instead of H.sO* at n 
> 2. Careful preparations are always necessary to obtain HPA 
samples having uniform composition. In particular special 
caution must be taken to avoid rehydration, since anhydrous 
HPAs are very sensitive to moisture (even from water adsorbed 
on walls of apparatus'). 

3.3 Acidity 

The acid strength of HPAs vary to a wide range depending on 
the poJyanion structure and its constitutuent elements (both 
hete-ro and addenda atoms), as well as on the extent of hydration 
and reduction. Most results indicate that HPW after dehydra- 
tion, the strongest HPA known so far, is a much. Stronger solid 
acid than zeolites including ZSM-5. and is close to that of 
superacids. 5 ''" Indeed some believe HPW to be a superacid** 
while others claim that its acidity is comparable with zeolites.- 1 
The counter cation is also an important factor, Tabie 3 
summarizes the acid strength as monitored by ammonia 
sorption (adsorption and absorption) and desorption for several 
Solid acidsr'-w and Fig. 1 1 shows the results of calorimetric 
measurements of NH, sorption On Cs2.5 and HPW at 423 K. 
Caution in interpretation of the results may be necessary for 
HPW which tends to exhibit pscudoliquid behaviour. Ammonia 
is absorbed into the bulk and forms ammonium salts, so that the 
Iqttiee energy of the salts should be considered in calculating, the 
heat of sorption. 

Quantum chemical studies with higher levels of approxima- 
tion on a fail Keggin utitt have; recently been attempted. The 
stronger acidity of HPW than H,,PM0| 2 d,„ (HPMo) is indicated 
by density functional theory (DFT)> In early calculations, the 
position of protestation was inferred to be at bridging oxygen 
atoms. 1 ' Recently the same conclusion was deduced by n DFT 
calculation applied to a full Keggin unit including geometrical 
optimization. » Our MAS NMR and IR data arc in 
agreement with this conclusion,'"''^ 

There are at Icttst five different mechanisms for the evolution 
of acidity ofsolid HPA salts"" and hence the acidic properties 
are complicated unless the structures are carefully scrutinized- 
NMR studies revealed that protons of a novel nature are formed 
by the reduction of Ag and Pd sails of HPW.t* Protons are 
reversibly formed by the reduction of Ag?PW,iO 40 and are 
much more catalyticelty active than the protons in HPW for 
several reactions in the presence of H 3 , >H NMR spectroscopy 
Showed that protons in thtt former are more mobile than those of 

1 146 Chem. Cpmmun... 3001, 1 141 •• 1 152 
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Fig. U DiffcrcoSis! heats of Nil, solution measured a', 423 K: (O) 
H,PW„0«. <•) CSmHmPWuCU. 



the latter, The influence of the mobility of protons on catalytic 
performance is an interesting topic, Similar behaviour is 
observed for A.g zeolites and can be formulated by reactions 

2A<f+Hb--* 2Ag° + 3H" (1) 
2Ag° + Ag' — Ag,' (2) 
Asr/ + H : ^Ag,H + H' (3) 



4 Recent topics in surface-catalysis of Cs and 
NH, salts of HPW 
4.1 Microstrueture 

The microstracture, ot the tcrtiiiry structure (particle size, 
surface area, pore distribution, eft*.) of insoluble acidic Cs and 
NHi salts Of HPW is of great interest since Cs2.5 showed 
extremely high catalytic activities for various reactions in the 
liquid phase as a strong solid acid.'" '• The activity is often more 
than ten times greater than that of zeolites and more than three 
tiroes thai of the parent HPW \ctivity rmich ghmhar) that of 
HPW was also reported for C$2.4 prepared in a slightly different 
manner.- 5 * 1 Furthermore, the size of the micropores of Cs2.5 is 
nearly uniform, can be controlled at the sub nm level and leads 
to remarkable shape selective catalysis--'-' 1 Acidic NH< salts 
are also active and for benzoylaiion (NH J ), 4 HPW, 2 0,to was 
more acivc thun CsZ.S.-' 1 - Ag and T! salts seem to have similar 
microstructiires."'- 5 

The main reason for the high activity of Cs2,S is its high 
surface acidity i.e. the iarge number of strongly acidic protons 
on the surface.**- - The number of surface sites is about half of 
the total number of protons contained in the solid owing to its 
high surface area {ca. 1 50 mi g " ' ). Cs2.5 is a strong acid being 
only slightly weaker than the parent HPW (Table 3). Other 
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reasons for the high activity are moderate hydrophobicity of the 
surface, a bimodal pore distribution and add-base. bifunction- 
ality (see below). All of these factors are interesting and 
important for heterogeneous cats lysis. 

Extensive and detailed studies using "P KMR, XRD. 
electron diffraction, AFM and SEM, adsorption of N s , Ac, etc. 
as well as quantitative chemical analysis, have recently been 
carried ont to' clarify the mierostnsetures of the acidic Cs and 
NH4 salts. 35 Those measurements were applied compre- 
hensively to the preparation processes i.e. solutions, precipitates 
and resulting solids obtained after drying and heat treatment, 
and provided a consistent view about the microstructurcs of 
Cs2,5 and other CsX salts. Their formation processes thus 
deduced are schematically illustrated in rig. 12. 




After drying After heat treatment 

Fig. 12 Schematic illustration of the formation processes of acidic Cs sails: 
Left; after drjir,s, right; after hem treatment. 

Upon titration of an aqueous solution of HPW with a Cs 3 C0 3 
aqueous solution at 298 K, very fine precipitates of Cs3 
(nanoparticles of cc>, i 0 ran in diameter) arc formed, to which 
HPW is partly adsorbed with the remaining HPW present in the 
solution. As the titration proceeds, the amount of HPW in 
solution decreases, forming Cs3 precipitates. At the stgkbio- 
rnetty of Cs2 (C$,COj added: HPW = I : i ), the precipitates are 
fine particles (also en. 10 nm in diameter) ofCs3, the surface of 
which are covered by nearly a monolayer of HPW, Their surface 
area is very low (i m-g'"'). since the fine panicles stick 
together densely after drying. This model is supported by the 
fact diat the particle sire estimated from XRD linewidths is ca. 
10 nm, while that estimated from the BET surface area is 500 
-1000 nm. 

When Cs 3 COj is added beyond a stoichjometry of X=2 t the 
surface area increases sharply, since most of HPW precipitates 
as Cs3 and the _ amount of HPW remaining in solution or 
adsorbed on precipitates diminishes rapidly. Hence, micropores 
start to develop which would have been absent if the remaining 
HPW had densely connected the nanoparticles. "P NMR 
(which can differentiate between polyanions containing 0. I. 2 
or 3 protons) demonstrated that thermal treatment at .173 473 K 
leads to a nearly uniform solid solution of CsjPW; 2 0,u) (C$3) 
and PI.,PW| 2 0 4 o(HPW) Wa diffusion of protons and Cs' ions. 



the lattice constant changing accordingly. This process has been 
unambiguously confirmed by the formation of the identical 
solid solutions when Cs3, impregnated by various amounts of 
HPW. is treated at 473 K, as shown by the P NMR spectroscopy 
(Fig- 13): 




Pig. 13 Compsrtsoa <?{ :!w y 'T NMR speciro of C»«H>.vP*,-.0« t,CsX| 
1 i J c same, compositions (Cs> 

prepared b> .1,1 Cs,PV\ CsJ) by HPW [ M 

sample* were [Iwrroily treated tit 4T3 K- 

CS2.5 has a bimodal pore size distribution; micropores 
ranging from 0-5 to 1.0 nm (peak at 0.65 nm and mostly ?*0.75 
nm) and mcsopores (peak ai 4-5 nm),'V 4 It is deduced that the 
micropores arise from spaces between nanocrystallites (10-20 
nm) in loose and random aggregates and mesopores arise from 
spaces between the nanocrysuillites and between aggregates of 
size en. 100-500 nm (see Fig. 2). The micropores account for 
about 70% of the total surface area of Cs2.5 [see below. Fig. 
15(d)], Misfits in the connection of nanocrystallitcs have 
recently been stsggested as the origin of small micropores (see 
below). 3 * Another possible origin of micropores are polyanion 
vacancies as proposed for CsjPMon VO40 .- ,h However, no fum 
and detailed conclusion has been obtained for the origin of the 
micropores which have a rather sharp size distribution, 

A surprising finding of the microstructure is the epitaxial 
assembly of Cs Hnd NH 4 sails, which was discovered un- 
expectedly [Fig. 14 and Fig. 15].-' 7 - s * When the Cs salts are 

(a) 



:n and t» diffrsctisin pe 




prepared at a temperature as high as 370 K, the initially formed 
nanocrystalJites [cct. 10 nm) assemble together with !hc. 
identical orientation of crystal planes, leaving micropores 
berween the nanoparticles [Fig. 15(b)], in contrast to Cs2.5 
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Pig. 15 SEM images of (a) nMH a ),PW, 2 0 JC prepared by titration ai 273 (C 
CM CsjPW u O« (C*3) prepared by titration Hi 368 K. ft: » (Nrt,),PW. -0 4( , 
preprrea by litrotion at 3fi8 K and (<*) C^W,^,.,^ prepared by 
titration al 298 K. Cs2.5 is similar to C«3 in ipp.-nrjsc*. 



prepared at room temperature [Fig. 15(d)], This is most 
remarkable when a stoichiometric NR, salt is prepared by 
means of homogeneous precipitation using urea decomposi- 
tion,-^ The initially formed particles are spherical and slightly 
oriented aggregate* [resembling the NR, salt fbnncd by 
titration at low temperature shown in Fig, 1 5(a)], that arc 
comprised of nanoerystallites of size ca. iO am with micropores 
(ca. 0.6 nm) in the spaces between the jiartoerystailitcs. and 
roesopores (2-10 nm) between the loosely bound n B na- 
crystallites and/'or between the aggregates ( 1 00- ! 000 nm). The 
particles then gradually turn into large 'crystalline' micropomus 
aggregates (400- J 000 nm) having regular dodeeahedra! shape 
and few mesopores [similar to bin larger than the panicles 
shown in Fig. 15(c)). The particle size estimated by XRD 
tinewidth measurements (^260 nm) is much greater than the 
size calculated from the surface area (10-20 nmF, indicating that 
epitaxial connections occur between nanoerystallites. AFVf and 
SEM images confirm that aggregates consist of fine particles of 
sizeca. 10 nm. Electron diffraction (ED) shows regular discrete 
spots indicating erystaHiniry (Fig- 14). All of these observations 
indicate that the dodecahcdral particles are "crystalline" ag- 
gregates of naooparticles and are porous. A monodispersed 
particle size (ca. 3000 nm) can be obtained by controlling the 
precipitation procedure (Fig. 16).'" Spherical aggregates shown 
in Fig. 1 5(a) and (b) aiso give discrete W patterns. 

4.2 Shape selectivity 

Remarkable shape selectivity has been reported for severs! act'd- 
catalyzed reactions over Cs sails using molecules having 
different sizes. While Cs2.5 is active for most 
and CsZ.2 only catalyzed reactions of small mo1c«tles>*.» 
$hape_ selective catalysis has also recently been found for 
oxidation and hydrogcnaiion reactions. Okuhara and coworkers 
confirmed that C$2.1 has only micropores of size ca 0,45 nm 
(in contrast to C$2,5 for which both micropores of 0.?5 nm 
and mesopores of ca. 5 nm arc present), and demonstrated shape 
selective catalysis, on the basis of the comparison of the 
catalytic activities of Pt-CsZl, Pt-Cs2,5 and PuSiOj, for (i) 

1148 Chem. Commitn., 2001, 1141-1152 



Fig. 16 5FM 

titration at 368 K. 

oxidation of methane, carbon monoxide and benzene, and (ii) 
hydrogenation of ethylene and cydohexene.""' Shape selectiv- 
ity in the products was found for the reaction of fl-butanc 11 The 
large-pore Pt-Cs2.5 was very defective for the tsomerization to 
isobutylene (94%), while cracked products (C.-C.O markedly 
increased wjth s decrease in the size of micropore (only 48% 
isobutcne formed for Pt-Cs2.!) attributed to slow diffusion of 
the branched alkanc in small micropores. Okuhara and 
coworkers proposed thai small spaces formed by misfits in the 
connection of nanoerystallites are die origin of the small 
micropores of Cs2. 1 (0.45 nm), M as illustrated in Fig. 17. 

4/3 Surface acidity of Cs.,H.,„.,PW 12 0^ CsX 
The unusual change with X of the- catalytic activity of CsX is 
reasonably interpreted by the surface acidity {Fig. 4(c)], Here, 
die surface acidity is estimated by multiplying the number of 
polyanions on the surface (calculated from the surface area and 
the size of polyartion) and the number of protons per polyanion 
on the surface (from the proton content of the solid, 'or the 
chemical formula). Recently, the surface acidity, or the number 
of protons, on the surface of CsX (X ^ 2- 3), has directly been 
measured by on IR study ot CO adsorption at 1 10 K (Fig. 1 8).-"" 
CO adsorbed on C$2,5. for example, exhibits three bands; a 
band at 2165 cm 1 attributable to CO adsorbed on acidic proton 
Sto, at 2154 cm-' to CO on Cs ; ion, and at 2139 cm" 1 to 
physisorbed CO [Fig. 18(d)). For comparison, the IR spectre of 
Cs3 is also shown, where both the 2165 cm" ; band and a broad 
band in the OH stretching region are absent [Fig. J 8(b)J. 

As expected, the intensity of the first band (2165 cjrr ', CO 
on proton site) changed in parallel with the catalytic activity as 
shown in Fig. 19. 20 " In this way. the surface acidity estimated 
previously a$ described above has been confirmed by the direct 
measurement of the surface proton sites. None of the tR bands 
of adsorbed CO were detected for CsX (X * 0-2). Even if the 
very low surface arms of these Cs salts (X = 0-2) are taken inio 
account, the IR bands would have been detected at least for 
HP W (4-5 m 2 g-'). The reason for the absence of the IR bands 
for HPW is not clear, 

4,4 Hydrophobjeiry: wstfer-tolerant solid acid catalysts 
It has been shown in an earlier study that the surface of organic 
salts of HPW exhibit hydrophobiciry/*;! Recently, the hydro- 
pbobiciry was semi-quamitativley evaluated for Cs2.5 and Cs3 
by comparison of water and benzene adsorption." 1 The 
bydrophobiciry thus evaluated is in the order of HZSM-5 (high 
silica) > silica « Cs3 > C$2.5 - HZSM-5 (low silica) > 
silica-alumina > alumina (Z5M-5 and silica were preireaied at 
673 K, silica-alumina and alumina a( 573 K, and Cs2.5 and C3 
at 473 K). This indicates that Cs2.5 is moderately hydrophobic 
similarly to low-silica HZSM-5. As expected from this fact, it 
i d ijfl. (rated chat Cs very aetiv w« rani 

solid add catalyst/"-** The relative activity of water-tolerant 
solid acids varies with the nature of the reaction. C$2,5 is 
usually much more active for the hydrolysis of esters than other 
inorganic solid acids, but less active than acidic organic resins. 
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Rig. 17 A nuclei of small micropore* fanned by misfits of wo nscncryiiuiHiica pf Pi~<. , s:. 1 k i1 .,pWi ; o j( i. 





Fig. 18 IR snn-ij-a of CO f dsorbec on HP As mcuswcd k 109 K. (n) flofofc 
end (b) after adsorption t>f CO on CfeRWuO* K»fc («') before and (d) 
after adsorption of CO on Cfc^WW , A» 



T»ble 4 Co „«md »»f c wlyuc ."t vitfe or .•„. ja solid rcids fro tin 
rcsaior of iicrylnitrilc and A'-adarnJiManol 10 form A'-sdamantylaixylarnide 
iNAAJ in ihs presence of nil excess of wra:<»'.» Rosuitij. ij! the sbsence of 
water shown in parentheses 



Yicid^W Selectivity^) TON-' 



S4 (97) 92 W) 3S (42) 

8 (79) B2 1«9> 2 10,2) 

681100) 82(81) 1(1) 

77 (97) «4 («) 6 (8> 

40(97) 94(93) 12(61) 

■■ Ham.-iimi conditions-, catalyst: 0.2 g. aerylnitrile: i;0 wmtri. IsnJsiiwntenol: 
1.3 mnrol. 373 K, 6 h-*% Yield; I DO Y fNAA romicd)/(.^-iida.natnn, w ) 
added >,-■"■'. Selectivity; IOC X fNAA fs>miadK(NAA formed + aoytstaide 
formed). ■'TON (turnover number); mol NAA fonncd/'rool add Sites in 



C-*:. s )-I„. J PW l5 0, I , 
!iY zeolite 
Ambcrlvst IS 
NafioD-H 




Fig, 3? Changes of the peak intensity of the 2165 cm- ' band (CO udM>rbi;d 
on proton sues) and the catalytic activity «rc*,ll.w,PW,^)« (CsX) at » 
function of X for the rate ufslkjla-t J i ■ i p*** 
bi 353 K. 



5 Efficient catalysts developed based on HPA 

Table 5 lists recent examples of catalytic reactions using solid 
HPA. Earlier examples may be found in ref. 5(A). 



5.1 Bifnnciiuital catalysts 

HPA.S show acidity as well as unique basicity; ibese properties 

as well as their oxidizing ability can be controlled over a wide 
range which is of use in catalyst design. The co-existence of 
these properties can be utilized to prepare bifunetionai and 
multifunctional catalysts, Jt has been shown that the oxidation 
of methacrolein to rncthpcrylic acid proceeds it-, two steps; the 
first step is acid-catalyzed estcrsfkaiion tc. form an intermediate 
and the second step the oxidation of the intermediate which is 
rate-determining. Hence this reaction can be catalyzed in a 
synergistic manner Utilizing acidity and oxidising ability ,7 H is 
interesting to note that these two properties compete in the esse 
ofoxidation of isobutyric acid tc tnethacTytic acid, with acidity 
accelerating side-reactions (Scheme 2). 

The much higher activity of Csi.5 *hart conventional solid 
acids can not be explained by acidic properties alone [Fig. 3(c)), 
so that acid-base bifanctjona! calaiysis was suggested for 
Cs2.S,** 

Efficient catalytic reactions can be realized by the combina- 
tion of HPA catalysts with noble metals. One-stage oxidation of 
ethylene to acetic acid has been commercialized (10000 ton 
yf- 1 ) by combining a Keggin-typc HPA catalyst and Pd. 4 ' 1 
Here, the addition of Se or Te to Pd is essential to suppress the 
complete oxidation to C0 2 . The overall reaction fan.. (6)) is 
suggested to proceed in two steps (cqn, (4) and (J)j, a Wacktr- 
rype mechanism (via acetaldehydc) being excluded- Control of 
acidity and tertiary structure was important for catalyst 
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Table a Acid-catalyzed re 



th solid bclercpoly compounds" 



RC0 2 H + R'OH -» RtOjft' 



Isobutsrtc + n-buionca C" fi alkylates 

Dicta-Aider reaction <jf quinone 
Acylation cf xylene 
AdMtauiiytatiUte synthesis 
Hydration of tlimcthylbwieeo 
rhC„ ■■- iSe~C„ 

Oxidation prwhytenC 16 acetic acid w/o eilisrwi 

Ethyl acetate from acetic ucid 
Michael addition 

E;C{CH 2 OrJ) ; Ch\OCl!20CII ; C(CH ; Om 3 Ht+ H : 0 
2ptCrtH;0[i);CH 2 OH t HCHO 
" These reactions arc mostly taker: from « list produced by Professor T. Okiilisrn. 
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Scheme 2 



development. (The photo on the cover is the plant used for this 
process developed by Showa Dartko, Co., Ltd.) 
CjEi + H 3 0 -» EtOH (acid catalysis) (4) 

EtOH + 0 2 MeCOjH + H 2 0 (oxidation) (5) 
C;R, + 0 2 -» MeC0 2 H [overall reaction] (6) 

The combination of Pd or Pt with Cs2.5 creates active and 
selective catalysts for the isomcrizarion of/r-alkanes (C 4 -C7):" 
Peacrivation and cracking which are significantly observed 
over Cs2.5 alone are dramatically diminished by the addition of 
nobie metals in the presence of H : . Without acidity, the activity 
is very low. Interestingly, acidity completely prevents the 
bydrogenolysis of alkanes catalyzed by noble metals. A 
mechanism essentially based on a classical bifunctiona! cataly- 
sis has been proposed] acid catalyzed isomeriz.ation ■+ dchydro- 
genation-hydrogenatiort, Recently, a mechanistic study using 
U C labeled «4rutaiW*» hw revealed that the selective isomeriza- 
tion to isobutanc over 'Pt dispersed on Cs2.S mostly takes place 
by a monornolecvtjar mechanism, while the reaction proceeds 
less selectively vie a bimolecular mechanism in the ease of 
Cs2.5 alone (Scheme 3). At higher reaction temperatures, the 
li Moaemoleealar pathway 

Z- Bimolecular pathway 

Scheme 3 

contribution of the bimolecular mechanism increases also for 
Pt-Cs2,S, Kozbxvnikov and coworkers reported thai HPW 
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combined with Pd produces only soft coke in the oligorocriza- 
tion of propone and the removal of coke by combustion lakes 
place at a much lower temperature than in the case of HPW 
aionc which forms both soft and hard cokes.-" 

5.2 Supported HPA catalyst* 

Hydrogen forms (or tree acids) of HPAs usually have low 
surface areas. On the other hand, very active Cs2.5 having a 
large surface area lends to become a milky suspension during 
liquid-phase reactions, which makes it difficult to separate the 
catalyst after the reaction is finished. To solve these problems, 
many attempts have been made to disperse and fix HPA. 
catalysts on various supports, where the stability of the HP A 
and firm fixation are the key issues. Support materials such as 
Silica, carbon, and organic resins have been applied with 
varying levels of success, with new supporting materials and 
methods bsing actively pursued. Although the structure and 
composition of supported HPAs arc sometimes uncertain, high 
catalytic activities are often observed and separation made 
easier. 

teumi el al, prepared HPW and Cs2.5 included in a silica 

matrix by an in situ sol-gel method. Recently, shape selectivity 

was observed for alkyltttion of phenol by formaldehyde owing 
to the micropores of a silica matrix. sn Supported HPAs prepared 
by this method have been applied as photoeatalysts.'* 1 Soled 
si at. reported an in xUu preparation of C's2.5 inside silica 
particles, 5: Cs-containing silica is added to an aqueous solution 
of HPA. As the HPA solution diffuses into pores of silica, a Cs 
salt starts to precipitate at a certain level of concentration, 
resulting in an egg-yolk type impregnation, Large-pore zeolites 
like MCM-41" and layered clays 54 have been applied as 
supports of HPA. HPAs loaded in layered double hydroxide 
were active For epcxidation and showed shape seteetiviry.* 4 In 
xiui synthesis of HPAs in the supcrcage of Y«z«oltic is an 
interesting method for the preparation of supported HPA 
catalysts.^ 5 For metal oxide supports, interactions between the 
surlace and the HPA often degrade the polyanion structure. On 
basic solids such as MsO and Al 2 0 3 . the Keggin structure 
readily decomposes, as expected from instability of HPAs in 
aqueous solution at high pH. Even on the surface of silica, 
which has only weak interactions with HPAs, these tend to 
decompose to smaller clusters. In most cases the decomposition 
is significant at a low loading level whereas the starting 
polysnion structure is predominant when the loading level is 
high. Supporting on or imbedding in organic polymers has also 
been attempted. Recent examples include polyazaraethines,?*" 
pofyanifme, 5 ''* and polyphenylene oxide.** 1 As expected from 
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the moderate stabilities of organic ammonium and oxonium 
salts, the HP A structures appear to remain mostly intact. In 
addition, chemical interactions between the polymer and HPA 
sometimes modify the catalytic performance in a desirable 
manner. 



6 Future 

Notable progress lias been achieved recently in heterogeneous 
acid catalyse reactions of HP As. Full utilization of the pseudo- 
liquid phase and further development of Afunctional and shape- 
selective catalysis will be interesting targets for the future. 
Specifically organized secondary and tertiary structures thai are 
synthesized by using novel cations and polyanions may open up 
new area* of catalysis, if the structure, composition and stability 
of polyanions are properly controlled on supports, solid HPA 
catalysts will find much wider practical applications. The 
development of regeneration methods for deactivated HPA 
catalysts is another important subject for practical applications. 
As for catalysis in solution, unconventional rcsction fields such 
as multi-phase catalysis are promising, From the viewpoint of 
fundamental study of HPA catalysis, the basicity of the surface 
of the heteropolyanion (or unique complexation character) 
together with its role in catalysis is of interest and understanding 
of the catalytic reaction at the molecular/atomic level is 
expected to be accomplished in the near future. 

More progress is anticipated for oxidation catalysis of HPAs 
although oxidation catalysis lies outside the scope of the present 
article. The design of primary structures (structure and 
composition) has been successful for oxidation in solution and 
may be extended to heterogeneous catalysis, if HPAs arc 
stabilized or reaction systems chosen careful!) Example! 
include diiron and dirnanganese substituted Keggin. anions as 
shown in Fig, 1(e) 57 which efficiently catalyze selective 
Oxidation of alksnes, although enhancement of reaction rate is 
sciil desirable. A variety of polyanion structures and composi- 
tions (new and known) as well as recent progress in novel 
synthetic methods promises the development of efficient 
catalysts based on HPAs. For example, an exotic HPA 
synthesized by Ncwmann and Dahan is efficient in selective 
oxidation, 5 " Owing to various advantages, HPAs are hoped 10 
play important roles as green catalysts in chemical syntheses in 
a sustainable manner. 
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